The localization and identification of individual proteins is of key importance for the understanding of biological processes on the molecular scale. Here, we demonstrate near-field fluorescence imaging of single proteins in their native cell membrane. Incident laser radiation is localized and enhanced with an optical antenna in the form of a spherical gold particle attached to a pointed dielectric tip. Individual proteins can be identified with a diffraction-unlimited spatial resolution of ∼50 nm. Besides determining the concentration and distribution of specific membrane proteins, this approach makes it possible to study the colocalization of different membrane proteins. Moreover, it enables a simultaneous recording of the membrane topology. Protein distributions can be correlated with the local membrane topology, thereby providing important information on the chemical and structural organization of cellular membranes.
Introduction
The specific organization of membrane proteins plays an important role in the spatial and temporal control of cellular processes, such as cell recognition and adhesion. Protein distribution, concentration, and colocalization are also important for the understanding of the interplay of various ligands and receptors in cell-signaling cascades. Over the last decades several high-resolution microscopic techniques (e.g. electron microscopy/tomography [1] , x-ray crystallography, protein nuclear magnetic resonance (NMR) [2, 3] , and atomic force microscopy (AFM) [4] ) have provided access to individual cellular building blocks, but these techniques are often restricted to static investigations and cannot be applied to living organisms under physiological conditions. On the other hand, cellular structures and processes in living systems are readily accessible by optical microscopy, but the diffraction limit has prevented investigations from being performed on the molecular scale.
Diffractionlimited single molecule spectroscopy makes it possible to track single biological processes [5] , but it often requires specialized and restrictive conditions.
In recent years, novel nanoscopic approaches, e.g. fluorescence imaging with one nanometer accuracy (FIONA) [6] , stimulated emission depletion (STED) [7] , saturated pattern excitation microscopy (SPEM) [8] , stochastic optical reconstruction microscopy (STORM) [9] , and near-field scanning optical microscopy (NSOM) [10] [11] [12] [13] [14] [15] [16] have overcome these limitations, either by breaking the diffraction barrier or by making use of high localization accuracy.
For instance, FIONA has resolved the locomotion of motor proteins like myosin [6] , and single molecule spectroscopy was applied to elucidate the mechanisms and binding kinetics of nucleocytoplasmic transport [17] . Also, STED made it possible to observe protein clustering after vesicle fusion [18] , and NSOM was used to shed light on the organization of proteins and protein complexes in cell membranes [19, 20] .
Interest in studying biological systems with near-field optical microscopy has been stimulated not only by the promise of achieving high spatial resolution, but also by the ability to acquire simultaneous optical and topological information. Such complementary information is valuable for investigations of biological samples because protein distributions are believed to be correlated with the specific membrane morphology. Examples are lipid rafts, cytoskeleton topology, or membrane bound vesicles. Near-field optical microscopy relies on a spatially confined light source, which is used to excite the sample in close proximity. Currently, this technique enables the observation of isolated systems with a spatial resolution down to 10-20 nm [21] [22] [23] . Moreover, it provides single molecule sensitivity [24] [25] [26] . Two major strategies have been pursued over the last decades: (1) aperture-type near-field optical microscopy, and (2) tipenhanced near-field optical microscopy (TENOM) [27] . While it is nowadays generally accepted that a true protein resolution on the order of ∼10 nm and less cannot be achieved using aperture probes, this regime is accessible by TENOM. Instead of using a metal-coated fiber probe with an aperture at the foremost end, TENOM is based on the localization of optical fields close to a laser-illuminated, sharply pointed metal tip which can be considered as an optical antenna in analogy to electromagnetic antennas [28] . The energy of the incoming radiation becomes localized at the apex of the tip, and is used to interact with the system under investigation. The response due to this interaction gives rise to a spectroscopic signature, e.g. fluorescence, Raman scattering, photoluminescence, etc. Thus, its applications range from material science to biology [15, 21, 22, 29, 30] . The design of optical antennas with combined spatial resolution capability and strong signal enhancement is essential for expanding the field of applications to natural biological systems, and achieving true protein resolution, so that even proteins of highest abundance or the assembly of protein complexes can be investigated, in the future.
A laser-irradiated metal nanoparticle can be viewed as a special type of optical antenna. Spherical gold and silver nanoparticles have been shown to be able to provide sufficient field enhancement to detect the fluorescence from a single molecule [31] . The optical properties of such an optical antenna can be tuned over a wide range by adjusting the shape and material of the nanoparticle [25, 32, 33] . For example, an optical antenna consisting of an 80 nm Au particle provides a spatial resolution of ∼60 nm with a fluorescence signal enhancement up to a factor of 10. Although true protein resolution on the order of 5-10 nm cannot be obtained with these spherical antennas, their application to biomembranes shows that this concept is able to deliver new insights into complex structures. We have recently demonstrated that this type of antenna-based microscopy can be extended to liquid environments and that single membrane proteins can be resolved and identified in their native membrane [34] . It can be expected that the future replacement of the spherical nanoparticles with nanorods will make it possible to push optical resolution below 10 nm. Moreover, this technique enables us to identify, localize and address individual proteins in their natural environment, so that concentration, distribution and in principle also functions (e.g. binding kinetics) can be investigated. Unlike aperture-type microscopy the antenna approach provides high topographical resolution and operates at much smaller interaction forces.
Thus, the cell or membrane topology and the protein composition can be acquired simultaneously. In this paper we will outline the working principle of antenna-based near-field microscopy and we demonstrate our ability to resolve individual membrane proteins in liquid environments.
Experimental details

Experimental setup
The design of our instrument provides us with various operation modes. Besides near-field optical imaging, also wide-field and confocal measurements are possible. In addition, the instrument can be used for stand-alone scanning force microscopy (SFM) or for combined SFM and confocal fluorescence imaging in ambient or liquid environments. The base of our system is an inverted microscope with an integrated piezo-driven x y-scanning stage. As schematically shown in figure 1(a) , near-field optical and confocal imaging is achieved by tightly focusing a radially polarized laser beam (λ = 632.8 nm, He-Ne laser) with an high numerical aperture (NA) 100× objective (NA 1.4) on the sample surface. Fluorescence from the sample is collected with the same objective and transmitted through a dichroic beam splitter. The fluorescence light is separated from the fundamental laser light by passing through a longpass filter. Finally, the emitted fluorescence is detected with a single photon counting avalanche photodiode (APD). A fluorescence rate image is recorded by rasterscanning the sample laterally and assigning to each image pixel (x, y) the detected fluorescence counts. Near-field imaging requires the optical antenna to be positioned precisely in the focus of the radially polarized laser beam and actively controlling the probe-sample separation to ∼5 nm [31] .
Optical antennas
Optical antennas are prepared using spherical gold colloids with a diameter of 60-80 nm, following the procedure described previously by Anger et al [25] . Briefly, pulled glass tips are chemically functionalized by silanization from the vapor phase using an aminosilane (3-aminopropyltriethoxysilane; APTES) and attached to quartz tuning forks. The gold nanoparticles are prepared in a sparse distribution on a freshly cleaned coverslip by spincasting ∼100 μl of the colloid solution. Individual Au nanoparticles are identified topographically by raster-scanning the gold colloid sample underneath the silanized glass tips. Bond formation between the amine group of the silane and an individual gold colloid is achieved by positioning the functionalized glass tip directly over a selected nanoparticle. After turning off the feedback loop, the glass tip is approached in a controlled manner towards the nanoparticle. After retracting the tip from the surface, the particle is chemically bound to the tip. Figure 1 (b) shows an electron micrograph of a typical optical antenna formed by a single ∼80 nm gold particle.
Force-distance control
Near-field optical bioimaging demands highly sensitive distance controls, which are able to maintain the probesample separation within a few nanometers and with angstrom accuracy.
Cellular surfaces often exhibit topographical variations of several hundred nanometers to micrometers over small areas. Therefore, maintaining the tip at a distance of ∼5 nm while scanning cellular surfaces requires a high reliability of the feedback system. To detect the elastic normal force between the tip and the sample we employ a piezoelectric quartz tuning fork whose prongs are aligned parallel to the sample surface.
The probing tip is attached to the lower prong and is oscillated vertically to the sample surface, similar to dynamic tapping-mode atomic force microscopy [35, 36] . The major difference is the oscillation amplitude, which in our case is only on the order of an angstrom. This approach is different from the standard shear-force detection scheme, which is most widely applied in the field of NSOM [37] . Vertical oscillation favors an elastic (conservative) interaction between the probe and the sample, and in addition, enables measurements in liquid environments without the need to immerse the tuning fork into the liquid. A dither piezo mounted to the scan head mechanically excites the tuning fork near its resonance frequency. The optical probe protrudes up to several millimeters beyond the lower prong of the tuning fork, which enables imaging in liquid environments by only immersing the probe into the liquid. Keeping the tuning fork outside the liquid minimizes the damping forces and deterioration of the quality factor (Q-factor) of the resonance. Figure 2 (a) displays the frequency spectrum of a tuning fork with an attached glass tip immersed 2 mm into an aqueous solution. The Q-factor drops only by a factor of 1.3, yielding a Q of ∼1500 upon immersion. The high sensitivity of our detection system allows interaction forces smaller than 50 pN to be measured. Major drifts in the resonance frequency generally originate from changes in the immersion depth of the probe over the acquisition time due to evaporation of the liquid. These drifts can be largely reduced by performing the measurements in a sealed liquid chamber. Tracking the resonance frequency upon immersion of the attached glass tip into water over a period of 1 h, we observe only small variations (see figure 2(b) ). These minor variations can be compensated during image acquisition by adjusting the setpoint. The high frequency stability of the system originates from (1) the small damping force associated with the tip-water interface resulting from an optimized taper angle of the glass probe, and (2) keeping the immersion depth constant over the acquisition time. Depending on the tip geometry we have observed an initial equilibration period of ∼10 min, with larger changes in the resonance frequency. Topographical scans on various samples, e.g. double-stranded DNA on mica, indicated that the vertical noise of the system is on the order of 200 pm. This highly sensitive tapping-mode-like force feedback enables us to record topographical maps of membranes immersed in a buffer solution. A self-oscillation circuit tracks the resonance frequency of the tuning fork, and either the frequency-shift or the dissipation is used for controlling the tip-sample separation in a feedback loop. The different operation modes of the system, including the possibility of wide-field imaging by focusing the laser beam into the back aperture of the objective, allow us to characterize the sample in detail by acquiring various complementary information before performing any near-field measurements. 
Red blood cell membranes.
Isolated intact erythrocytes are deposited on an APTES-coated coverslip, so that a dense layer of cells is formed. The intact cells are kept in a 150 mM KH buffer (150 mM KCl, 24 mM HEPES, 20 mM sucrose, pH 6.9). Blocking of the free accessible substrate areas is achieved by incubation with a 2% BSA KH buffer. The intact erythrocytes are burst open by applying a lower ionic concentration buffer (5 mM NaH 2 PO 4 , 1 mM EDTA, pH 7.4). Upon opening of the cells the hemoglobin is released and the cytoplasmic side of the plasma membrane of the erythrocytes becomes accessible. Actin and spectrin filaments lining the cytoplasmic side of the plasma membrane are removed by exposing the sample to a 0.5 mM sodium phosphate buffer (0.5 mM NaH 2 PO 4 , 0.5 mM EDTA, pH 7.4) at 37
• C. Stripping of the cells is important for staining of membrane proteins against a cytoplasmic epitope, since the filaments reduce the free accessibility strongly, and thus, lower the labeling efficiency. The erythrocyte membranes are labeled against PMCA4 by applying a specific mouse monoclonal antibody (JA9) in a dilution of 1:400. Incubation with this primary antibody is carried out overnight at 4
• C. The dye-carrying secondary antibody (goat anti-mouse IgG F(ab ) 2 antibody carrying Alexa 633 dyes) is applied in a dilution of 1:1000 for 2 h. All preparation steps are followed by extensive washing steps in order to reduce non-specific antibody binding.
Single molecule samples.
Dye samples were prepared by binding Alexa 633 carboxylic acid succinimidyl ester dyes to APTES-coated coverslips. A fM solution of dyes was added to the APTES-coated coverglass, incubated for 1 h, and then the remaining dye solution was spinned off at 4000 rpm. The dye samples were thoroughly washed with deionized (DI) water to remove all non-bound dye molecules.
Results and discussion
Membrane topology
Fluorescence imaging of cellular structures on the nanometer scale will provide detailed insights into fundamental biological processes on a single protein level. Understanding the organization of cellular membranes will further benefit from studies which correlate the optical information with the membrane topology, e.g. the filamentous structure of the cytoskeleton, which is crucial for the cell shape, for its mechanical stability under external forces, e.g. shear stresses, and also plays an important role for cell locomotion. Atomic force microscopy has been proven to be able to investigate the topographical structure and mechanical properties of cellular membranes [38, 39] . However, generally AFM lacks the high chemical specificity of optical spectroscopy. Antenna-based near-field optical microscopy has the capability of providing simultaneous chemical and topological information. Thus, the localization and distribution of membrane proteins, e.g. cell surface receptors, adhesion proteins, ion channels and pumps, etc, can be correlated with the structural organization of membranes. Figure 3 shows topographical images acquired on weakly fixed endothelial cells in PBS buffer solution. These images were taken with a sharp polyethylene glycol (PEG)-silanecoated glass tip in order to reduce the adhesive forces between the surface of the glass tip and the glycocalyx. Figure 3(a) shows the overlapping region of the two adjacent HUVECs. Filamentous structures that span between the two adjacent cells can be clearly identified. In addition, regions composed of thinner filaments can be recognized between the two cells ( figure 3(b) ). Although the height variations amount to ±300 nm, we observe no tip-induced distortions. The slight deviations which are observed across the edge of the overlapping endothelial cells in figure 3(a) originate from imperfect feedback parameters and the force setpoint, leading to an increased tip-sample separation at this particular sample location. Interestingly, in spite of the relatively large height variations, even much smaller features can be identified in this image. These smaller features are associated with another endothelial cell located at the bottom edge of figure 3(a) . This lower cell forms a filamentous connection to the upper right cell. The average height of this inter-cell connection is roughly 20 nm. The topographical images shown in figure 3 demonstrate that the implemented dynamic forcedistance control provides the high sensitivity required for guiding the optical antenna reliably at a distance of a few nanometers over the surface of a biological membrane in buffer solution. The images shown in figure 3 are snapshots from a series of images acquired in sequence over several hours. Although environmental changes cannot be entirely excluded for measurements in liquid environments over this time period, the occurring drifts did not require any readjustments of the resonance frequency in our feedback loop.
Fluorescence imaging with single molecule sensitivity
Addressing individual proteins and their function with optical approaches often requires labeling of specific proteins with a single dye molecule in order to minimize the impact on their structure and function. Here, we use a sample of single dye molecules to demonstrate the optical sensitivity of the antennabased near-field approach. Figure 4 shows a confocal and a near-field fluorescence image of a sample with dispersed Alexa 633 dye molecules. Both images represent the same area. The confocal image shows inhomogeneous and overlapping fluorescence patterns, indicating that the dye separation is smaller than the confocal resolution of ≈250 nm. Therefore, individual dye molecules and their dipole orientations cannot be identified confocally. However, individual dye molecules can be clearly resolved with the optical antenna in place. The haloes in the image originate from the confocal fluorescence background, which is always superimposed onto the near-field images because the optical antenna is irradiated with a focused radially polarized laser beam. Thus, the individual fluorescence spots reveal characteristic patterns that originate from different orientations of the molecular transition dipole moment of the present dye molecules. In-plane molecules typically exhibit a doublelobe pattern whereas out-of-plane molecules exhibit a single spot [40, 25, 23] . The optical resolution in the near-field fluorescence image is ∼50 nm, which is typically smaller than the physical size of the gold nanoparticle (60-65 nm) [25] .
Imaging membrane proteins in erythrocyte membranes
In general, the huge variety and density of membrane proteins in cellular systems prevents their observation by confocal microscopy. Only proteins separated by more than ∼250 nm are resolvable. A resolution well below 100 nm is required to resolve high abundance proteins, such as receptors, enzymes, ion channels, and pumps.
A major signal in all types of cell is associated with a Ca 2+ gradient across the plasma. The same signal is also found in innercellular membranes of cellular organelles. The control and balancing of innercellular Ca 2+ concentrations is of key importance, since deviations in this concentration have been observed in connection with several diseases, and play an important role in apoptotic processes [41] . The maintenance of the Ca 2+ gradient is regulated by various membrane channels, exchangers, and pumps. The plasma membrane bound Ca concentration and counteracts by pumping Ca 2+ from the cytosol across the plasma membrane [42] . In erythrocytes two of the four known isoforms are denoted as PMCA1 and PMCA4. Figure 5 (a) shows a confocal fluorescence image of an erythrocyte plasma membrane, which has been labeled specifically against the cytoplasmic domain of the PMCA4 ATPase. Although this Ca 2+ pump is known to be an erythrocyte protein of lower abundance, e.g. opposed to the Cl − /HCO 3 transporter AE1, the confocal fluorescence image cannot resolve individual pumps in any region of the cell membrane. Labeling against isoform four of the Ca 2+ pump results in a dense staining. The observed fluorescence patterns indicate regions of different labeling yield, due to a non-uniform distribution of the PMCA4 pumps in the membrane, i.e., regions of higher abundance coexisting with regions of lower density. However, even in regions of lower total fluorescence yield the inter-protein distance appears to be much smaller than the instrument's optical resolution of ∼300 nm, so individual PMCA4 proteins cannot be distinguished in these areas by diffraction-limited optical microscopy.
Imaging with an optical antenna enables us to reveal the local distribution of the PMCA4 proteins in different regions of the erythrocyte membrane. The fluorescence image shown in figure 5(b) is composed of near-field fluorescence spots, which are superimposed on the confocal background resulting from the applied illumination scheme. The optical resolution provided by the optical antenna has been determined by the full width half at the maximum (FWHM) to be ∼60 nm. Comparing the confocal signal in figures 5(a) and (b) it becomes obvious that both images represent the same area. Regions of lower confocal fluorescence yield indeed correspond to a lower abundance of PMCA4 pumps. Figures 5(c) and (d) show a close-up of individual PMCA4 proteins and the simultaneously recorded topography. The membrane topology shows a surface roughness of 2-4 nm, in accordance with a lipid bilayer. Even upon immersion of the sample in an aqueous solution, individual proteins can be identified ( figure 5(e) ). However, the signal enhancement is lower compared to measurements performed in air, which affects the signal-to-noise ratio. The majority of fluorescence spots revealed in the near-field images show no characteristic orientation-dependent pattern. Based on labeling of the proteins by a secondary goat anti-mouse antibody, it is expected that each PMCA4 protein carries more than one dye molecule. Independent measurements of the number of bleaching steps per antibody indeed showed that most antibodies exhibit more than one dye molecule. Thus, for individual proteins we average over several different orientations of the molecular transition dipole moment, so the characteristic pattern of the individual dye molecules cannot be observed. In a few instances, orientation-dependent patterns are revealed, and these patterns are associated with proteins labeled by an antibody carrying a single dye molecule. To measure the number of dye molecules per protein and to verify that individual fluorescence spots indeed originate from single PMCA4 molecules, we recorded fluorescence time traces of individual fluorescence spots in the presence of the optical antenna. The observed number of photobleaching steps corresponds to the number of dye molecules per protein. A characteristic photobleaching curve for an individual spot displaying an FWHM of ∼60 nm is shown in figure 5 (f), revealing two-step bleaching. The remaining signal after photobleaching originates from confocal background fluorescence of surrounding proteins. Thus, we concluded that the 60 nm fluorescence spots correspond to individual membrane proteins. We also find, however, smaller areas of aggregated proteins. Near-field fluorescence measurements of several erythrocyte membranes stained against the PMCA4 enzyme revealed a large heterogeneity in the spatial distribution of this Ca 2+ pump. An analysis of inter-protein distances reveals variations from 60 to 250 nm, with a mean nearest-neighbor distance of ≈90 nm. The rather inhomogeneous distribution of these membrane proteins across the erythrocyte plasma membrane is also displayed by low-magnification confocal fluorescence images. Overall these observations are reproducible over a large number of preparations. Although the spatial resolution of the recorded near-field fluorescence images is limited by the size of the spherical gold nanoparticles, the approach allows us to identify and localize individual proteins, and to determine the actual concentration and distribution within the membrane. In future, optimized antenna geometries (nanorods) will make it possible to push the resolution down to ∼10 nm and to achieve true protein resolution.
Conclusion
Optical antenna-based near-field microscopy is an approach towards nanobiophotonic investigations which has the ability to obtain complementary information on cellular membranes. Besides being able to identify, localize, and also address individual proteins, the optical information can be correlated with the membrane topology. The understanding of the organization of cellular membranes on a molecular level, as well as the underlying structural and mechanical concepts, will benefit from simultaneous measurements of the chemical composition and structural properties. The ability to localize, image, and track single membrane proteins will help us to uncover the complex signaling cascades which have been established in order to maintain proper cell function. Identifying individual proteins within their natural membrane allows the determination of their concentration, distribution, or their colocalization with other membrane proteins, and also opens up the possibility to investigate particular functions directly in a natural system. Progress in the fabrication of optical antennas with an spatial resolution on the order of 10-20 nm down to true protein resolution will further broaden the biological applications of antenna-based near-field optical microscopy.
